Backgound/Aim. Flumazenil is benzodiazepine receptor antagonist. It has been studied for a various indications, including reversal of sedation after surgery or diagnostic procedures, awakening of comatose patients in benzodiazepine overdose, or for symptomatic treatment of hepatic encephalopathy. Some drugs, like theophylline, may prolong its elimination half-life. Considering the long half-life of diazepam and its metabolites, concomitant use of theophylline may reduce the need for repeated dosing of flumazenil in patients with acute diazepam poisoning. The aim of this study was to introduce a reliable and accurate method for determining the concentration of flumazenil after therapeutic application in patients with acute poisoning, and using that method to assess whether the kinetics of flumazenil change in the presence of aminophylline (combination of theophylline and ethylenediamine in a 2 : 1 ratio) applied as concomitant therapy. Methods. Blood samples from patients with acute diazepam poisoning that received flumazenil at the dose of 0.5 mg, or the same dose with 3 mg/kg of body weight of aminophylline, were collected 1, 3, 10, 30, 60, 120 and 240 min after its intravenous administration. Samples were prepared by solid-phase extraction on Oasis HLB cartridges with ethylacetate as extracting agens. Flumazenil was determined by liquid chromatography with mass spectrometry (LC-MS) in single ion monitoring mode at m/z 304. Separation of flumazenil from matrix compound was performed on Lichrospher RP-8 column using the mixture of acidic acetonitrile and 20 mM of ammonium acetate in water (55 : 45) as a mobile phase. Results. The applied analitycal method showed excellent recovery (94.65%). The obtained extracts were much cleaner than the extracts obtained by the same extractant in the process of liquid-liquid extraction. The limit of detection of the LC-MS method described in this paper was 0.5 ng/mL and the limit of quantitation was 1 ng/mL. In the patients treated with both flumazenil and aminophylline, the elimination constant for flumazenil was significantly lower and the elimination half-life was longer (p < 0.05) in comparison with the same parameters in the patients who received flumazenil alone. Conclusion. The applied LC-MS method for the determination of flumazenil in serum samples of patients with acute diazepam poisoning is rapid, sensitive, precise and specific. Concomitant use with theophylline significantly prolonged elimination of flumazenil during the treatment of acute poisonings with diazepam.
Introduction
Flumazenil, an imidazobenzodiazepine, is a competitive antagonist of benzodiazepine receptors. It selectively binds to these receptors in the central nervous system, thus blocking activation of inhibitory gama-aminobutyric acid (GABA)-ergic synapses. This way, flumazenil antagonizes central effects of substances which manifest their activity through benzodiazepine receptors [1] [2] [3] . Flumazenil has been studied for a various indications, including reversal of sedation after short-lasting surgery or diagnostic procedures like endoscopy, awakening of comatose patients in benzodiazepine overdose, or for symptomatic treatment of hepatic encephalopathy [4] [5] [6] [7] . Flumazenil may be administered as an antidote in acute poisoning with benzodiazepines 8, 9 , but it should not be used in patients with the history of epilepsy or with benzodiazepine intoxication combined with tricyclic antidepressants 10, 11 . Flumazenil may precipitate withdrawal syndrome, cardiovascular effects, or seizures in overdosed benzodiazepine dependent patients 8, 12, 13 . Because of contraindications and adverse effects, flumazenil must be used with caution in poisoning with benzodiazepines. Although it increases the level of consciousness in benzodiazepines poisonings, because many benzodiazepines have a longer half-life than flumazenil, resedation is possible soon after application, and therefore, sometimes it is necessary to apply several doses of the drug to improve the therapeutic efficiency 8 . Flumazenil does not alter the pharmacokinetics of benzodiazepines 14 , end the extent to which flumazenil antagonizes effects of benzodiazepines depends on the dose and the concentration of both drugs in plasma 1 . The metabolism of flumazenil is rapid and extensive, and takes place in the liver. The medium half-life of flumazenil in plasma is about 54 min (41-79 min) 1 , but there are some substances, like theophylline which could prolong its half-life 15 . Determination of flumazenil in serum samples may be carried out using various chromatographic techniques [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Often it has been applied to high performance liquid chromatography (HPLC) with ultraviolet detection (HPLC-UV) [16] [17] [18] [19] [20] [21] , but a more specific and sensitive method is liquid chromatography with mass spectrometry (LC-MS) detection [22] [23] [24] [25] . Thus, the aim of this study was to introduce a reliable and accurate method for determining the concentration of flumazenil after therapeutic application in patients with acute diazepam poisoning, and using that method to assess whether the kinetics of flumazenil change in the presence of aminophylline combination that contains teophylline and ethylenediamine in a 2 : 1 ratio) applied as parallel therapy, because slowing of elimination may prolong its antidotal action and thus reduce the need for repeated doses.
Methods

Material
Flumazenil and fluoxetine (an internal standard) analytical standards were obtained from the companies Roche (Basel, Switzerland) and Sigma-Aldrich (St. Luis, Missouri, United States), respectively. HPLC grade acetonitrile and methanol, as well as acetic acid, ammonium acetate, ethyl acetate and hydrochloric acid p.a, were obtained from Merck (Darmstadt, Germany). Water was purified by Millipore Milli-Q system. Cartridges for solid-phase extraction Oasis HLB 30 μm, 1 mL, were obtained from Waters (Manchester, United Kingdom).
Blood samples from the two groups of patients (10 persons each) with acute diazepam poisoning, who received flumazenil at the dose of 0.5 mg, or the same dose with the 3 mg/kg of body weight of aminophylline, were collected 1, 3, 10, 30, 60, 120 and 240 min after intravenous administration.
Method
For determination of flumazenil in serum a mass spectrometer with chemical ionization at atmospheric pressure (Finnigan MAT SSQ7000 LC/MS -ESI System) with HPLC P2000 binary pump, degasser SCM1000 and autosampler AS3000 were used. Mobile phase was a mixture of the solution A (acetonitrile: glacial acetic acid = 99 : 1) and B (20 mM of ammonium acetate in water) in the ratio of 55 : 45. The flow rate of mobile phase was 1 mL/min. Separation of flumazenil and internal standard from matrix compound was performed on a column Lichrospher 100 RP-8 E 250-4, 5 μm (Merck), with guard column Lichrochart 4-4 RP-8 (Merck) at ambient temperature after injection of 50 μL of sample.
A mass detector was adjusted to work in a single ion monitoring (SIM) mode for masses m/z 304 and 310 for flumazenil and internal standard, respectively. The electron multiplier voltages was 2,200 V. The capillary and the tube lens voltages were 26.8 V and 115.9 V, respectively. The pressure of the main and the auxiliary gas (N2) was 60 and 150 psi, respectively.
Preparation of a standard solution and samples
The stock standard solution of flumazenil was prepared by dissolving 10 mg in 10 mL acetonitrile and stored at +4ºC. Calibration curve solutions were prepared by adding flumazenil standard solution in pool serum and prepared like serum samples.
Extraction of flumazenil from serum samples was performed on the Oasis HLB cartridge, previously activated with 1 mL of methanol and 1 mL demineralised water. In a serum sample 0.05 mL of internal standard (fluoxetine) and 0.1 mL 1M hydrochloric acid were added. After mixing and centrifugation at 8,360 rpm, a sample was loaded to the activated cartridge. The cartridge was washed with 1 mL of 5% methanol. Elution of flumazenil and the internal standard (IS) is carried out with 3 mL of ethyl acetate. The obtained eluate was evaporated under the stream of air to dryness, reconstituted in 1 mL of mobile phase and analyzed by the LC-MS method.
Comparison of the mean flumazenil maximum concentration (Cmax), elimination constant (Ke) and elimination half-life (t 1/2 ) after its applying alone or in combination with aminophylline was done by Student`s t-test.
Results
Using the described method, retention times for flumazenil and internal standard were 4.4 min and 2.5 min, respectively. Figure 1 shows the mass spectrum of flumazenil.
Calibration curve solutions were prepared by adding a flumazenil standard solution in pool serum and prepared like serum samples. The calibration curve was linear in the concentrations range of 1; 2.5; 5; 10; 25; 50 and 100 ng/mL (Figure 2) .
Chromatograms of the internal standard, serum spiked with 100 ng/mL of flumazenil and pool serum are shown in Figure 3 . The intra-day precision of the method was assessed by calculating the coefficient of variation (CV) for the measured parameter of the method (ratio of peak area of flumazenil and IS) and determined on the same day. It was done by preparing ten flumazenil standard samples with concentration of 10 ng/mL and determining by the LC-MS method. The CV was 5.18%. The inter-day CVs for spiked serum were also acceptable and are shown in Table 1 .
The mean analytical recovery was 94.65% (ranged from 91.48 to 99.13%). Table 2 shows the analytically recovery from the serum after solid-phase extraction with ethyl acetate on the Oasis HLB cartridges.
The limit of detection (LoD) was defined as the concentration at which the signal to noise ratio is equal to, or greater than three, and the limit of quantitation (LoQ) was defined as the concentration at which the signal to noise ratio is equal to, or greater than ten. Accordingly, LoD and LoQ were 0.5 ng/L and 1.0 ng/mL, respectively. Determination of flumazenil in serum samples of patients was carried out on the basis of the equation of the calibration curve, which was obtained upon the analysis of spiked serum. Linear regression of flumazenil was y = 0.0467 x + 0.2515 (R = 0.9958 for the concentration range of 1 to 100 ng/mL). Main pharmacokinetic parameters of flumazenil including Cmax, Ke and t 1/2 are listed in Table 3 . Student's t-test revealed a significantly lower Ke (p < 0.05) and a significantly longer t 1/2 (p < 0.05) in patients treated with both flumazenil and aminophylline. 
Discussion
Isolation of flumazenil from the biological material can be done by liquid-liquid 25 or solid-phase extraction 20 . Previously reported analytical recovery for flumazenil after solid-phase extraction was 78% 21 . In our study, the applied extraction on Oasis HLB cartridges with ethyl acetate as extractant, for preparation of serum samples from acutely poisoned patients showed better recovery (94.65%). Uppon our previous experience in flumazenil determination, the obtained extracts were much cleaner than the extracts obtained by the same extractant in the process of liquid-liquid extraction (data not shown). We found that in comparisson with liquid-liquid extraction, solid-phase exraction is simpler, faster to perform and safer for analyst, which is of great importance when it is necessary to analyze a large number of samples.
The literature describes a variety of chromatographic techniques for the determination of flumazenil such as gas chromatography with nitrogen-phosphorus or mass spectrometric detectors and HPLC-UV, LC-MS [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Thus, Bun et al. 17 described the HPLC-UV method for determination of flumazenil in serum at 245 nm with the detection limit of 2 ng/mL. Similar result was obtained by Zedkova et al. 18 , with the detection limit of 2.5 ng/mL and detection at 250 nm.
Liquid chromatography coupled with massspectrometric detection is the most sensitive and the most specific analytical method of drugs in biological samples. Generally, the sensitivity of this method may be increased performing tandem mass spectrometry (LC-MS-MS). The reported limit of detection using LC-ESI-MS method for flumazenil was 2.5 ng/mL 21 . However, the limit of detection of the LC-MS method described in this paper was lower and achieved 0.5 ng/mL, while the limit of quantification was 1 ng /mL.
We applied the described LC-MS method for determination of flumazenil in serum samples and used the obtained data for calculating the pharmacokinetic parameters: c max , t 1/2 and Ke. According to the literature, the mean c max of flumazenil in plasma after intravenous infusion of 2 mg of this drug was 55 ng/mL 1 . Our data on the flumazenil concentration in serum of patients poisoned by diazepam showed significant interindividual differences, which are in accordance with the fact that the drug is administered in a fixed dose to patients with different pharmacokinetic properties.
The mean t 1/2 of flumazenil in the group of patients overdosed with diazepam receiving the drug was 55.92 ± 14.75 which is similar to literature data of 54 min 1 . However, in the group of patients receiving both flumazenil and aminophylline, the mean t 1/2 of flumazenil was longer (almost double) (108.81 ± 42.47 min). The Ke of flumazenil in this group was also lower (0.0075 ± 0.0035 min -1 ) than in the group receving only flumazenil (0.0133 ± 0.0039 min -1 ). Despite the great interindividual variance, the results for the Ke and t 1/2 of flumazenil showed a statistically significant slowing of flumazenil elimination in the presence of theophylline in blood.
The results of limited previously published studies showed that combined application of flumazenil and theophylline resulted in a prolonged t 1/2 of flumazenil in rabbits 28 . Also, in patients sedated with midazolam, Bonfiglio et al. 15 revealed that theophylline appeared to significantly prolong the half-life of flumazenil. However, the mechanism of interaction of these two drugs is not known.
The main metabolic transformation of flumazenil involves the activation of carboxylesterase to form flumazenil acid as the major metabolite which is without pharmacological activity. In a small percentage flumazenil may be demehylated through cytochrome P450. The metabolism of theophylline involves mainly hydroxylation and demethylation. In both processes cytochrome P450 oxidase is involved 29, 30 . This fact supports the hypothesis that in the case of combined use, flumazenil and theophylline may compete for binding to the same enzyme involved in the process of demethylation.
In recent years, effects of flumazenil and aminophylline have been investigated in reversal of different kinds of anesthesia [31] [32] [33] [34] . Concomitant use of both drugs may also be explored, having in mind their synergic action and interactions. Extended half-life of flumazenil in combination with theophylline may also be of importance in the treatment of poisonings with longacting benzodiazepines.
Conclusion
The applied liquid chromatography with mass spectrometry method for the determination of flumazenil in serum samples of patients acutely poisoned with diazepam is rapid, sensitive, precise and specific. The applied solid-phase extraction gave very good recovery, which is very important considering low concentrations in samples. The method is applicable to the routine determination of flumazenil serum concentrations, as well as in pharmacokinetic studies. Also, our results confirm previous findings that the concomitant use of theophylline significantly prolongs elimination of flumazenil during the treatment of acute poisonings with diazepam.
